The paper presents a combined biological assay on indicator plants, a serological assay using ELISA and a molecular assay for detection of viruses that infect the potato. It also elaborates on the bioassay for PVY strain differentiation and for detection of TRV in tubers and soil samples. 
INTRODUCTION
There are more than 35 potato viruses known to infect the potato in the field (Valkonen, 2007) . A virus infection may cause yield loss and decrease the tuber quality depending on the virus /strain, the potato genotype and environmental conditions. Table 1 shows the impact of 12 viruses on the potato crop. Among them, Potato virus Y, Potato virus M, Potato virus S, Potato leafroll virus, Tobacco rattle virus are frequently found in the tuber or soil samples collected from the Central or Northern part of Poland in field conditions. Other viruses are shown to infect the potato by artificial inoculation in greenhouse conditions, and some are only maintained in the collection at IHAR-PIB Młochów Research Center.
DOI: 10.1515/plass-2017-0007 Table 1 Yield loss and damage to potato tubers caused by viruses, based on Jeffries (1998) with slight modifications a : possible to induce tuber necrosis after grafting; b: not possible to induce tuber necrosis after grafting (Chrzanowska, 1993) ; na: not available, +++: most severe symptoms, ++: medium disease symptoms, +: weak symptoms.
The basic tests to detect viruses are: a bioassay on indicator plants and serology using an ELISA with polyclonal and monoclonal antibodies (Jeffries, 1998) . Several viruses may be detected on a single indicator plant, whereas ELISA is virus-and strain-specific. Nucleic acid based methods such as RT-PCR and sequencing help to reveal the genomic feature of the virus or to identify a new one. Real-time quantitative RT-PCR is highly sensitive and can detect a virus at a very low concentration.
For identification of viruses that infect the potato, a combined biological assay on the indicator plants, a serological assay using ELISA and a molecular assay based on nucleic acid detection are required. The method for the bioassay is based on Muchalski and Chrzanowska (2001) with some modifications and based on the Descriptions of Plant Viruses (http://www.dpvweb.net/index.php) and Jeffries (1998) .
MATERIALS AND REAGENTS

Biological assay
1) Soil mixed with peat in a proportion of 2:1 in trays. 2) Fertilizer PG mix (14-16-18 ) + Micro at a concentration of 0.5-0.8 kg/l m 3 . 3) Pots (Ø=8cm) 4) Seeds of the indicator plants and test plants (see Table 2 , e.g., tobacco Identification of potato viruses in the indicator plants -a biological assay 1) A viral infection may cause characteristic disease symptoms in the indicator plants, which can be used for diagnosing a specific virus. In most cases, sap mechanical inoculation of the indicator plants can be used, except that PLRV must be transmitted by aphids (Myzus persicae) or by grafting. 2) Mechanical inoculation is performed using sap from systemically infected tobacco (cv. Samsun) leaf tissues 14 days post-inoculation (dpi) that were ground in 20 volumes of sterile water. Sometimes a phosphate buffer is used, e.g. 0.02 M (pH 7.4) or 0.06 M (pH 8.4).
3) The symptoms appear around 4-21 dpi. For example, based on our experiments, in Chenopodium amaranticolor, local necrotic lesions caused by PVY and TRV appear around 4-7 dpi. In Ch. quinoa, TRV causes local symptoms at around 4 dpi, and systemic ones around 10-14 dpi. In Nicotiana tabacum, veinal clearing (VCl) caused by PVY appears around 7-9 dpi, while veinal necrosis (VN) appears around 12-14 dpi. Systemic distortions, necrotic lesions and line patterns on the leaves caused by TRV in N. tabacum appear around 7-21 dpi depending on isolates. The reactions of the indicator plants to infection by potato viruses are described and are shown in Table 3 . The symptoms induced by viruses in potato are described separately. 
PVY (Potato virus Y)
. PVY symptoms in the potato include mild and severe mosaic (Photo 1D), rugosity, crinkling, dropping of leaves and severe systemic necrosis (Photo 1B) and dwarfing. PVY NTN isolates cause potato tuber necrotic ringspot disease (PTNRD) (Photo 1C) and necrotic foliar symptoms (Jeffries, 1998) . The bioassay for PVY was conducted according to Singh et al. (2008 (Yin et al., 2017) .
Species
Viruses 
Phaseolus vulgaris
PVM (Potato virus M).
Based on the nucleotide sequences of the coat protein (CP) genes of PVM isolates from different countries (e.g., KC129086 to KC129101, JN835299, HM854296, EF063387, AY311194, AJ437481), all known PVM isolates fall into two distinct groups, i.e., PVM-ordinary (PVM-o) and PVM-divergent (PVM-d) (Xu et al., 2010 , Tabasinejad et al., 2014 . Polish potato cultivars infected in the field are often symptomless irrespective of the pathogenicity of the PVM strain (Chrzanowska et al., 2002) . However, most cultivars show severe symptoms when a severe strain of PVM is spread in the field (Zagórska et al., 2000) . Photo 2 shows the symptoms in the potato, e.g., severe dwarfing, crinkling and rolling of leaves caused by a severe PVM strain named Uran. In the indicator plants, PVM causes strong malformation of shoot tops in Lycopersicon chilense, local necrotic spots and systemic VN in Solanum rostratum.
PLRV (Potato leafroll virus). PLRV symptoms in the potato include yellowing or pale color of the apical or upper leaves, upward rolling of leaflets and stunting (Photo 3). In tubers, PLRV may cause net necrosis in the tuber flesh (Douglas and Pavek, 1972 (Jeffries, 1998) . In the potato cv. Defender, PVS-infected plants are severely stunted and necrotic lesions lead to drying of leaves and leaf drop; the symptoms incited by PVS on the late blight resistant potato breeding line LBR4106 plants include mosaic, severe necrosis, and leaf malformation (Lin, 2012) . In the indicator plants, PVS causes veinal clearing (VCl) in Nicotiana debneyi, pale rings and figures in D. stramonium. In detached leaves of Solanum demissum Y, the PVS causes dark green and brown necrotic ring spots (Chrzanowska and Waś, 1974) . PVX (Potato virus X). PVX may cause mosaic, mottles or tuber necrosis in certain potato cultivars (Jeffries 1998 ). In the indicator plants, the PVX causes local rings and systemic mosaic or necrotic patterns in N. tabacum, VCl in D. stramonium, local lesions with red bordering in Gomphrena globosa.
TRV (Tobacco rattle virus). Potato plants grown from TRV-infected tubers show distortion, stunting, yellow mottle in leaves and stem mottle (Jeffries, 1998) . In tubers, the TRV causes superficial necrotic rings and internal tuber symptoms of "spraing" (Photo 4D). In the indicator plants, TRV causes big grey -brown lesions in the inoculated leaves at 4 dpi, a brown line pattern, necrosis and distortion in the upper leaves (Photo 4A) and stem necrosis in N. tabacum, local and/or systemic lesions in Chenopodium amaranticolor and Ch. quinoa (Photo 4B and 4C, Yin et al., 2014) . In detached leaves of S. demissum Y, the TRV causes dark brown necrotic rings and line patterns (Chrzanowska and Waś, 1974) . If soil samples with a potential to carry TRV are necessary for testing, tobacco seedlings are planted into the soil samples and the symptoms are evaluated after 10-30 days.
PVA (Potato virus A).
In the potato, PVA may cause mild mosaic, roughness of surface and wavy leaf margin or no symptoms depending on the cultivars (Jeffries, 1998) . In the indicator plants, PVA causes VCl, diffuse mottle, darkgreen vein-banding in the N. tabacum cv. Samsun.
PMTV (Potato mop-top virus).
In potato tubers, a PMTV infection may cause slightly raised lines, rings, or brown arcs on the surface, and lines (spraing) in the flesh (Jeffries, 1998) . Plants grown from the PMTV-infected tubers show yellow blotching or mottling on the lower leaves, chlorotic Vshaped markings (chevrons) in leaflets, and extreme stunting of the shoots (mop -top) (Jeffries, 1998) . However, these symptoms have been confused with those caused by the Alfalfa mosaic virus, the Potato aucuba mosaic virus, TRV and the Tomato black ring virus (Jeffries, 1998) . In the indicator plants, PMTV causes concentric fine necrotic ringspot lesions in the inoculated leaves at 7 dpi, but not systemic in Ch. amaranticolor, necrotic or chlorotic ringspots in local leaves and chlorotic or necrotic 'thistle-leaf' line patterns in systemic leaves in N. debneyi and N. tabacum.
TBRV (Tomato black ring virus).
In the potato, TBRV may cause black necrotic rings or spots in leaves, the infected tubers may be cracked and distorted (Jeffries, 1998) . In the indicator plants, TBRV causes chlorotic or necrotic local lesions, systemic necrosis or chlorotic mottle in Ch. amaranticolor and Ch. quinoa, local chlorotic or necrotic spots or rings, systemic spots, rings and line patterns with variable amounts of necrosis in N. tabacum.
AMV (Alfalfa mosaic virus).
In the potato, AMV may cause calico symptoms of bright yellow blotching or mottling of leaflets, chlorosis to necrosis of leaflets, tuber necrosis, misshapen or cracked tubers (Jeffries, 1998) . The tuber symptoms resemble those caused by the PMTV or TRV. In the indicator plants, AMV causes systemic yellowing of leaves in Gomphrena globosa.
PAMV (Potato aucuba mosaic virus).
In the potato, PAMV may cause yellow spots, flecking, blotching, mottling and necrotic spots in leaves, top necrosis and stunting of plants. In tubers, external, internal and net necrosis may occur. The tuber surface symptoms may resemble those caused by PMTV (Jeffries 1998) . In the indicator plants, PAMV may cause necrotic local lesions and systemic VCl and VN in Capsicum annum (Jeffries, 1998) .
CMV (Cucumber mosaic virus). CMV may cause chlorosis, mottling and blistering of potato leaves (Jeffries, 1998) . Chrzanowska et al. (2004) transmitted three CMV isolates to 27 potato cultivars by mechanical inoculation. Local chlorotic symptoms and systemic necrosis, mosaic and malformation of leaves were observed. In the indicator plants, CMV causes chlorotic or necrotic local lesions but no systemic infection in Ch. amaranticolor and Ch. quinoa, chlorotic spots and pattern in local and systemic leaves in D. stramonium, reddish local spots with white center, systemic reddish brown spots and yellow spots in the youngest leaves in G. globosa.
BMYV (Beet mild yellowing virus). BMYV causes mild yellowing of the sugar beet (Kozłowska-Makulska et al., 2015) . The virus is restricted to the phloem tissue. This virus is only maintained in the collection.
The infected plants with the characteristic symptoms for a given virus are subjected to serological and molecular assays. 
Molecular assay -RT-PCR (Reverse transcription polymerase chain reaction), multiplex RT-PCR, real-time RT-qPCR and sequencing
The conventional simplex or multiplex RT-PCR is used for detecting PVY, TRV and PMTV.
The RT-PCR procedures can be used for detecting other potato viruses with virus-specific primers. The source for the available primers from the published data is summarized in Table 4 . In addition, a method for PVY and TRV wholegenome sequencing and real-time quantitative RT-PCR (real-time RT-qPCR) detection of PVY HC-Pro RNA are referred to in Yin et al. (2014 Yin et al. ( , 2017 , and the primer sequences are listed in Table 5 . The primer sequences used for detecting of TRV and PMTV by RT-PCR are shown in Table 6 . 1) RNA extraction from plant tissue (leaves, tubers) a) The total RNA from plant tissue is extracted by using the RNeasy Plant Mini kit (Qiagen, cat. No. 74904) virus-specific reverse primers is run using the GeneAmp PCR System 9700 (Applied Biosystems). c) The reverse transcription parameters are: 30 min at 16°C, 30 min at 42°C, and 5 min at 85°C, followed by a hold at 4°C. d) Real-time quantitative PCR (qPCR) was performed in 96-well plates with a LightCycler 480 real-time PCR instrument (Roche Diagnostics) using the SYBR Select Master Mix (Applied Biosystems, cat. No 4472908) as described by the manufacturer. e) Briefly, each reaction was performed in a 10 μl reaction mixture containing 3 μl of Dnase/ Rnase-free water (applied in the kit), 5 μl of the SYBR Select Master Mix, 1 μl of diluted cDNA, and 2 μM of each of the gene-specific forward and reverse primers. f) The cycling conditions were as follows: UDG activation at 50°C for 2 min and AmpliTaq Fast DNA polymerase and UP activation at 95°C for 2 min, followed by 40 cycles of denature 95°C for 10 s and anneal/extend 60°C for 1 min. All the assays included notemplate controls to verify nonspecific amplification. g) The primer sequences used for detecting PVY, TRV and PMTV are listed in Table 5 and 6. For detecting viruses in potato, the reference genes used are the potato β-tubulin gene (Z33402).
4) Sequencing a) Overlapping RT-PCR fragments are amplified using the RNA extracted from a virus-infected plant using specific primers. b) The RT-PCR products are purified by QIAquick purification kit (Qiagen, cat. No 28104) and sequenced directly by the DNA Sequencing Laboratory, IBB, PAS, Poland, using MiSeq sequencer (Illumina). c) Sequence ambiguities are resolved by Sanger sequencing. Multiple sequence alignments are obtained using CLUSTALW and MEGA v. 6 (http://www.megasoftware.net). 
